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Abstract 
Several challenges still exist in successful and reliable operation of entrained flow slagging gasifiers (EFG) using 
coal as a fuel. The formation of flyash and its carryover with the gas stream causes fouling and plugging of syngas 
coolers, leading to reduction in heat rate and overwhelming of the solids handling systems. In order to predict flyash 
formation as well as carbon loss in an EFG, a thorough understanding of the effect of feedstock properties on fuel 
conversion rates during gasification is required. Current state of the art in gasification modeling treats coal as a 
homogenous material although it well known that coal is heterogeneous. Different classes of particles, when fed into 
an EFG, behave differently in terms of carbon conversion and mineral transformations. Therefore, it is critical to 
develop modeling tools that can incorporate physical and chemical characteristics of the feedstock and the effect of 
the operating conditions on particle transformations, in order to predict fate of the char/ash particles generated in the 
gasifier. During the grinding of coal, macerals and minerals separate due to mineral liberation. When subjected to 
gravity fractionation, the liberated minerals tend to accumulate in heavier density particles. Various physical and 
chemical characterizations are performed on size separated particle classes of the four gravity fractions with an aim to 
bring out the heterogeneity in the coal and its impact on conversion. Characterization indicated that almost all of the 
gasifiable matter is present in the two lighter gravity fractions and bulks of the minerals are present in the two heavier 
gravity fractions. The mineral matter was characterized and quantified using ash yield measurements, X-ray 
fluorescence, X-ray diffraction, Computer Controlled Scanning Electron Microscopy (CCSEM) and the iron minerals 
were measured using Mossbauer spectroscopy. Characterization results show the heterogeneity across the coal in 
multiple chemical components and prompt the need to account for heterogeneity in models. 
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1. Introduction 
Concerns of climate change and oil prices are prompting the development of advanced coal conversion 
cycles, especially coal gasification. Mineral matter in coal poses a serious concern for its gasification due 
to ash deposition on heat transfer surfaces. Entrained flow slagging gasification faces reliability issues 
due to fouling and plugging of syngas coolers due to unpredictable flyash loads [1]. Mineral matter in 
coal can be present as discrete mineral particles, commonly referred to as ‘excluded minerals or as finely 
dispersed minerals in the organic matrix, referred to as ‘included minerals’. During gasification, mineral 
matter transforms into ash and this ash material may end up as molten slag or carried out as flyash with 
the gases in the gasifier [2]. The included minerals experience higher temperatures depending upon the 
char reaction rate while the excluded mineral matter particles experience the gas temperature in a reactor 
[3].  
Several researchers have found that excluded pyrite usually decomposes to pyrrhotite, then forms 
complex oxide-sulfide phases and then eventually oxidizes to magnetite and hematite under oxidizing 
conditions [4-6]. Included pyrite would behave unlike the excluded kind, either due to the presence of 
char around the minerals or when it is associated with aluminosilicates. The transformations are delayed 
due to char oxidation or they can include glass formation (iron containing silicates) [5, 7]. The mineral 
distributions in the coal after grinding are crucial to understanding the gasification behavior of the 
different particle classes. The objective is to seek to understand mineral distribution in coal and determine 
if the use of a whole coal ash value is an accurate parameter in modeling ash behavior. In order to achieve 
this, Pittsburgh #8 bituminous coal is selected, separated and analyzed.  
2. Experimental Results and Discussion 
2.1. Preparation and Characterization of Samples 
The bulk coal sample (BSG0PS0) was separated by float-sink experiments into four gravity fractions 
BSG1 (< 1.3 g/cc), BSG2 (1.3 to 1.6 g/cc), BSG3 (1.6 to 2.6 g/cc) and BSG4 (> 2.6 g/cc). Mixtures of 
toluene, tetrachloroethylene and 1,1,2,2-tetrabromoethane were used to formulate the liquids for gravity 
separation. Samples from each of these density cuts were further separated into seven size fractions (PS1 
– PS7). The particle size distribution was bimodal with one peak around 212-425 µm and another in the 
sub-75 µm range. The size distribution details and their impact on slagging models are discussed in detail 
elsewhere [8]. Proximate analysis of the density fractions is reported in Table 1. 
Table 1. Yield from gravity separation and proximate analysis values of coal and gravity fractions. The proximate analysis values 
are reported on as received basis for each fraction. 
 BSG0 BSG1 BSG2 BSG3 BSG4 
Yield wt% 100.0 47.8 47.6 3.5 1.1 
Moisture % 2.1 2.1 2.2 2.0 0.6 
Mineral Matter 10.6 3.4 12.5 60.4 90.4 
VM Wt % 36.2 39.5 34.4 21.1 19.2 
FC Wt % 52.9 55.8 52.8 25.4 14.9 
 
The total organic (combustible) content drops sharply in BSG3 and BSG4 fractions. This is because of 
the drastic reduction of yield in the BSG3 (at 3.5 %) and in BSG4 (at 1.1 %) combined with the increased 
presence of mineral content in these fractions. The ash yield of the bulk coal was 7.79% on as received 
Nari Soundarrajan et al.\ / Energy Procedia 14 (2012) 1735 – 1740 1737 Soundarrajan, N./ Energy Procedia 00 (2011) 000–000 3 
basis. However, an ash calculation for a composite coal from the individual ash values of the 28 fractions 
gives us an ash yield of 8.68%. This indicates the heterogeneity in the coal as well as minor errors 
induced in sampling due to the segregation. The heterogeneity in the coal is illustrated in Table 2, which 
shows the separation yield-weighted ash values of the individual twenty eight gravity and size fractions. 
There was no substantial change in the ash yield across different particle sizes in the whole coal. 
Table 2. Ash yields from the different gravity fraction. 
 PS1 PS2 PS3 PS4 PS5 PS6 PS7 Composite by gravity 
BSG1 0.09 0.16 0.40 0.14 0.13 0.10 0.20 1.22 
BSG2 0.25 0.56 1.19 0.52 0.41 0.37 1.71 4.99 
BSG3 0.28 0.19 0.39 0.18 0.16 0.16 0.39 1.75 
BSG4 0.06 0.04 0.12 0.06 0.06 0.10 0.28 0.72 
Composite 
by Size 0.68 0.95 2.10 0.90 0.76 0.73 2.57 8.68 
 
An initial analysis of the ash was conducted using the ICP-AES technique to determine the major 
inorganic elements present in the coal. A high presence of iron was confirmed in the ashes of both heavier 
gravity fractions (BSG3 and BSG4) along with Si and Al and smaller amounts of Ca, Mg, K and Na. 
Table 3 shows the summary results from the oxide analysis of the ash with the major oxides grouped into 
acidic, basic and alkali group oxides, as is the convention in the slagging literature. The elemental 
distribution from this table (and literature) indicated the presence of pyrites, quartz, gypsum/calcite and 
aluminosilicates in the mineral matter of this coal [9]. 
Table 3: Major oxides from ICP-AES analysis of whole coal (reported proportional to the estimated amounts present in each density 
fraction based on the gravity separation yield). 
Density fraction BSG0 BSG1 BSG2 BSG3 BSG4 
SiO2+Al2O3+TiO2 (acidic) 6.40 1.0 3.9 1.4 0.1 
CaO+MgO+MnO+Fe2O3 (basic) 1.90 0.2 0.8 0.3 0.5 
K2O + Na2O (alkali) 0.18 0.02 0.12 0.04 0.00 
Others (SrO, BaO, P2O5,SO3) 0.43 0.07 0.26 0.04 0.06 
Base to Acid ratio 0.30 0.2 0.49 0.21 5.0 
2.2. Analysis of Coal Minerals by CCSEM, XRD and Mossbauer Spectroscopy 
Scanning electron microscopy with automated image analysis (CCSEM) was used to identify and 
quantify the mineral matter in the whole sample of the coal (BSG0) and the gravity fractions BSG3, 
BSG4 [10]. This method is also used to determine the amount and nature of the mineral matter (excluded 
vs. included) in the coal samples [11, 12]. CCSEM can analyze particles between sizes 1 µm to 300 µm. 
Due to this limitation, all the particle classes could not be analyzed in the available state. However, in 
order to analyze the entire sample from each gravity fraction, the particles larger than 300 µm were 
ground to pass through a mesh screen with 300 µm openings. The summary results from CCSEM 
analysis where the individual minerals are grouped into various classes based on their average melting 
points is shown in Figure 1. The mineral wt. % listed is on a mineral matter basis for each individual 
gravity fraction (i.e.: proportions out of 100 g of mineral matter constituents). The mineral matter values 
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for BSG1 and BSG2 were calculated by using a yield averaged distribution. The only surprising find was 
the substantially large amount of minerals in SG2 fraction, especially in the finer size classes. This 
finding was however matched by the high ash yields and the high iron and sulfur values recorded in the 
BSG2 fractions.  
 
Figure 1. Proportion of different minerals in the whole coal and in the four fractions viz., <1.3 g/cc 1.3-1.6g/cc,1.6 to 2.6 g/cc 
and >2.6 g/cc. The four gravity fractions are labeled without the prefix ‘B’ in the illustration. 
The sample BSG3 contained both pyrites and clay-rich minerals, while BSG4 containing mainly 
pyritic minerals. The total mineral matter estimated by the CCSEM analysis is approximately 18.5 wt. % 
which is higher than the high temperature ash yield of 7-9 wt. % in various ashing tests. This difference 
could be attributed to some of the limitations of the CCSEM analysis. Mineral weight percent is obtained 
under the assumption that the volume of an inorganic particle is proportional to the exposed surface area. 
In spite of some of these limitations, CCSEM does provide a very detailed picture of the mineral 
composition of the finer sizes. Over 70% of the pyritic minerals are present in the excluded state in the 
bulk sample. In the parent coal (BSG0PS0), the dominant minerals were pyritic minerals (19.9%, as 
excluded: >70%), kaolinite (~15.3%, as excluded: 13%), potassium aluminosilicate (18.4%, as excluded: 
17.4%) and illites (~21%, as excluded: 13-20%). In the BSG3 fraction, the dominant minerals are pyrite 
(34.7%, as excluded: 78%), kaolinite-montmorillonite-and-K-Al-silicates (30.7%, as excluded: 20-30%), 
unclassified mineral matter (18%, as excluded ~ 31%), quartz (~8.6%, as excluded: 59%), calcite (3.1%, 
as excluded: 49%) and gypsum (1.7%, as excluded: 82%). 
 
Figure 2: Pyritic mineral distribution as a function of particle size (CCSEM analysis). 
The BSG4 fraction contains relatively few mineral phases but those are present in large proportions. 
Bulk of the mineral components are pyritic minerals (92.5%, as excluded: 88%) and a small amount of 
iron oxide (5.4%, as excluded: 87%). About three quarters of the pyrite in BSG4 is present in the 46-100 
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µm sized particles and less than 5% is present in particles smaller than 10 microns. The presence of large 
amount of clays (especially, illite) indicates a higher chance of the mineral matter reacting faster and 
coalescing with other minerals. The mineral matter values estimated by CCSEM for BSG3 (60 wt.%) and 
BSG4 (84 wt.%) compared well with the respective ash yield ranges for these gravity fractions [8]. The 
distribution of pyritic (iron rich) minerals as a function of particle size in each gravity fraction is 
presented in Figure 2. It can be seen that the amount of pyritic minerals goes up with the particle size for 
all the density fractions except SG2. This data, in conjunction with the high iron and sulfur values 
measured in the PS7 fractions of the BSG2 density cut indicate the presence of finely disseminated pyrite 
mostly in the BSG2 fraction. This is one of the significant findings from the analysis of the coal fractions 
that one of the lighter density fractions with substantial calorific value contribution also contains a large 
amount of ash yielding material. The XRD of raw coals was a slightly challenging process because of 
background noise due to the amorphous carbon present in coal. By overlaying XRD pattern obtained for 
pure mineral samples on a coal-mineral mixture pattern, the background “hump” can be identified and 
removed by trained operators. The remaining curve with the mineral peaks is used to identify the 
crystalline matter [13, 14].  
Mossbauer spectroscopy was conducted on the heavier specific gravity fractions (BSG3 and BSG4) at 
the University of Kentucky. The analysis showed that over 80% of the iron is present in the pyrite and 
marcasite phases. Some of the iron in the BSG3 phase is present inside the clays in the Fe2+ oxidation 
state. Mossbauer provided confirmation of the presence of jarosite and magnetite in the BSG4 fractions, 
which was also identified by XRD. CCSEM methods were not accurate in quantifying any magnetite or 
jarosite in the samples but detected the presence of ankerite and gypsum in the coal. Table 4 shows a list 
of the minerals identified using various techniques as well the disparities between them. The key 
observation was that any technique does not completely and accurately identify all the minerals phases. 
However, depending on the proportion of the minerals, judicious choices can be made in the interest of 
time and cost. In this respect, XRD stands out in terms of quick sample preparation, small quantity 
requirement and fairly rapid analysis, once the user becomes well versed with a suite of coal minerals. 
Table 4. Various mineralogical techniques employed on BSG4, BSG3 (the heaviest two coal fractions) and minerals identified. 
Samples XRD CCSEM Mossbauer** 
BSG4  
(heaviest, density > 
2.6 g/cc) 
Pyrite, marcasite, quartz, 
magnetite, calcite, kaolinite 
(trace), potassium silicate. 
Pyrite, pyrrhotite, oxidized pyrite, 
iron-rich compounds and Si, Al 
containing unclassified 
compounds. 
Szomolnokite, Pyrite, 
Jarosite 
Magnetite – A & B. 
BSG3  
(heavy, density 1.6 - 
2.6 g/cc) 
Pyrite, marcasite, Quartz, 
calcite, kaolinite, illite, sodium 
aluminum silicate, jarosite. 
Quartz, calcite, ankerite, kaolinite, 
montmorillonite, mixed aluminum 
silicates, pyrite, pyrrhotite, gypsum 
and Si-rich, Ca-rich unclassified. 
Jarosite, Fe2+ in clay and 
pyrite. 
** This technique identified iron phases alone. 
3. Conclusion 
The analysis indicates that iron minerals are present in large proportions in fine sizes of the lighter 
gravity fractions (BSG2) (unexpected) as well as in large proportions in two heavier gravity fractions but 
in larger sizes (expected). The fine minerals are predominantly in coal particles that are combustible and 
present as included minerals. Aluminosilicates with impurities and silicate minerals are also present as 
included forms to a significant proportion in one of the heavier fractions. Additionally, these are fractions 
that are of concern due to the presence of substantial amount of mixed mineral matter in all particle 
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classes. The manner of distribution of minerals across different densities and sizes indicates that using a 
single ash yield value in coal particle models is not representative of the population and can impact 
prediction of flyash formation significantly. Further study of these fractions under gasification conditions 
would yield valuable information as to the transformations these particles can undergo under reducing 
conditions and would serve as useful inputs to gasification models. 
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